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INTRODUCTION 
The new structures developed in industry are more and more complex (special 
coatings, smart materials, etc ... ) and often need to be investigated by non-contact methods. 
Laser Based Ultrasound technique (LBU) offers for several years an efficient alternative to 
conventional ultrasound (piezoelectric transducers), especially for the nondestructive 
evaluation (NDE) and the material characterization [1]. Many structures encountered in 
aeronautics such as painted metals or composites are made of two layers of completely 
different materials and the control of such specimens may be intricate. Thus, it is useful to 
develop a theoretical model able to predict the laser induced acoustic response of a two-
layered material [2,3]. So, this paper presents a new and original model adapted to that kind 
of structures which are homogeneous and transversely isotropic. The cylindrical symmetry 
of the model allows fast calculation and observation of the displacements over a long 
duration. The simulations are compared to the experimental results performed with a 
Nd: Yag laser for the generation and a heterodyne interferometer. Moreover, the 
NonDestructive Testing (NDT) of metallic structures is difficult because of the very large 
optical reflection coefficient of the laser light on the surface. A paint covering the surface of 
the metal allows to improve the ultrasound generation around the normal incidence and 
then improves the control of the material. The two-layer model is used to characterize this 
paint and to optimize its thickness in order to ensure the way of testing such as the detection 
of effects due to corrosion. 
TWO-LAYER MODEL 
The two-layer model is based on the Christoffel equation, on the heat equation and 
on the equations given by the boundary conditions. This model takes into account some 
assumptions which are identical to those already used for the development of a one-layer 
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Figure 1. Coordinates system for the sample. 
model [4] . The main difference is that the geometry of the structure (Figure 1) and the 
numerical resolution of the model are more complex in order to extend the field of 
application. 
Thus, in each medium i (a and b), the equation of motion for dynamic thermoelasticity is: 
~ 
where u is the mechanical displacement, [C] the stiffness tensor, [a] the thermal 
expansion tensor and [A] = [ C] [a] the stiffness-expansion tensor. 
The temperature elevation field ATi is defined, in each medium i, from the 
following heat equation: 
with Q the heat production per unit volume per unit time, p the material density, Cp the 
specific heat and [K] the thermal conductivity tensor. 
(1) 
(2) 
The model supposes that a laser spot irradiates, normally to its surface, a plate made 
of two materials of different mechanical, thermal and optical parameters. This plate 
presents a cylindrical symmetry around the laser beam axis, so that the equations of the 
problem are described in the cylindrical coordinates system (r,e,z). Thus, considering that 
the laser pulse temporal shape is the one of a Q-switch and that its energy spatial 
distribution is gaussian, the temperature elevation field calculated from Equation 2, in 
which the thermal conduction is neglected compared to the optical absorption, is written in 
each medium (no optical reflections at the interface between the two materials): 
(3) 
(4) 
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where ~ is the optical absorption coefficient of the material, Eo the incident energy on the 
sample, R the optical reflection coefficient, (j the radius of the laser spot at e"2 and t the 
rise-time ofthe pulse. 
Because of the axisymmetric configuration, the displacements are completely 
defined by the radial and normal components, respectively Ur and u, (the orthoradial 
component Uo is zero), corresponding to the in- and out-of-plane components of the 
displacement. In these conditions and as the contact between the two materials is supposed 
to be mechanically perfect, the boundary conditions consist in taking the stresses equal to 
zero on the free surfaces (i.e. at z=o and z=da +db) and in conserving the stresses and 
displacements at the interface (i.e. at z=dJ. 
The solution of the problem is performed for the most part analytically and finally 
numerically. For the analytical part, the Hankel and Laplace transforms are applied to the 
equations of the problem (equations of the motion, temperature elevation fields and 
boundary conditions) in order to obtain the analytical expressions of the displacements in 
the image space for each of the two media of the two-layered structure. These expressions 
allow to built an (8,8) matrix which is solved numerically by the LU (Low Uppcr) method, 
while the inversion of the Hankel and Laplace transforms is performed in order to calculate 
the radial and normal components of the displacement versus time, respectively Ur and liz. 
V ALIDA nON OF THE MODEL 
The first step of the validation of the two-layer model has consisted in comparing it 
(considering the two layers identical) to a one-layer model previously validated by 
experiments [4,5]. In the second step, developed in this paper, the two-layer model is 
compared to the experimental results. 
The experimental set-up (Figure 2) is composed of a Q-switched Nd: Yag laser 
operating at the wavelength of 1.064 /lm and of a Mach-Zehnder heterodyne interferometer 
[6]. The probe is sensitive to out-of-plane displacement and its large bandwidth extends 
from 20 kHz to 30 MHz with a sensitivity better than 10"6 nmJ JHz on mirror-like surfaces 
and about 5.10"5 nmJ v'Hz on scattering surfaces. The laser beam is focused on the surface 
of the sample by a spherical lens to form a circular spot. The optical power density is 
adjusted in order to ensure a thermoelastic generation mechanism. The experiments are 
performed in a transmission configuration (generation and detection on opposite sides). 
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Figure 2. Experimental set-up used for the comparisons with the two-layer model. 
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The comparison between the nonnal component lIz of the displacement calculated 
and measured at the epicenter is shown for different kind of material. In the case of a 3 rum 
thick aluminum plate (Figure 3), the two layers in the model are identical. The arrival times 
and the shape of the longitudinal nL and shear waves nS (n=I,3,5, ... ) and of their mode 
conversions nLmS (n=I,2,3, .. . and m=I ,2,3, ... ) propagating inside the plate are well 
predicted by the model. Nevertheless, the two curves slightly diverge from 1 J..lS due to the 
low cut off frequency of the bandwidth of the probe limited to 20 kHz. 
In the second case, a T300-914 carbon-epoxy plate of 8.305 rum covered with an 
epoxy resin layer of thickness 15 J..lm is studied in Figure 4. The precursor P is clearly 
visible because of the large optical depth penetration in the epoxy layer [7]. The shear wave 
S is also measured and well predicted, but the slight disagreement concerning the shape of 
the displacement between P and S is probably due to the heterogeneity of the carbon-epoxy. 
Moreover, the amplitude of the simulated 3P wave is very strong compared to the 
experimental one, because of the damping and the viscosity which are not taken into 
account in the model. 
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Figure 3. Comparison between the model and the experiment at the epicenter for a 3 mm 
thick aluminum plate (,=25 ns, Eo=4 mJ, 0'=1.3 mm). 
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Figure 4. Comparison between the model and the experiment at the epicenter for an 
8.32 mm thick composite plate ('t=25 ns, Eo=2 mJ, 0'=1.5 rum). 
RESEARCH OF A COATING FOR AN OPTIMAL DETECTION OF DEFECTS 
PARALLEL TO THE SURF ACE 
Characterization of a Coating 
A NOT application of the laser ultrasound is the detection of defects parallel to the 
surface, such as the effects of corrosion in some aluminum alloys. However, in the 
thermoelastic regime and in the far field, the generation of the longitudinal waves in metals 
is very difficult around the normal incidence, because of the high optical reflection 
coefficient. A solution consists in covering the sample surface with a paint. Figure 5 
presents two experimental measurements performed for a plate of 2024-T351 aluminum 
alloy covered or not with a strippable white paint Castrol 722 NOT. The penetration of the 
thermal sources inside the paint provides the generation of a strong precursor P and its 
multiple reflections (3P, 5P, ... ), but this paint also introduces undesirable oscillations after 
the precursor. 
First of all, as the physical and mechanical parameters of the paint are not well 
known, the normal components of the displacement calculated and measured at the 
epicenter are compared in order to well characterize this paint (Figure 6). 
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Figure 5. Experimental comparison: Influence of a paint layer covering an 8 mrn aluminum 
plate (t=25 ns, Eo=2.4 mJ, 0'=1.2 mrn). 
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Figure 6. Comparison between the model and the experiment at the epicenter for an 8 mm 
aluminum plate covered with a paint layer of thickness 62 !lm. 
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Application to Corrosion Detection 
Our goal is to detect a flat bottom hole simulating corrosion by covering the surface 
of an aluminum plate with the paint previously studied. 
Figure 7 clearly shows that the thickness of the paint influences the amplitude of the 
precursor and, the duration and the number ofthe oscillations. Moreover, the acoustic 
response of a parallel defect to the surface, which occurs between P and 3P (corresponding 
to one thickness of the plate), can be disturbed by these oscillations. So, a compromise 
between a strong amplitude of the precursor and short oscillations can be determined thanks 
to the simulations. In the present case, the optimal thickness of the paint is evaluated at 
about 10 11m, allowing to ensure a sufficient time interval for the flaws detection. 
For the inspection of a flat bottom hole, the laser source and the detection are 
located on the same side corresponding to the painted side of the plate (Figure 8). The 
optimization of the paint has not been realized in this configuration because the influence of 
the paint is not as visible as in the transmission configuration. Thus, the laser beam is 
focused on the surface of the sample by a cylindrical lens to form a line oflength 8 mm and 
0.4 mm wide. The generation and the detection are separated from a distance equal to 
2.5 mm in order to avoid thermal phenomena (overlapping the acoustic signal) induced in a 
pulse-echo configuration (i.e. coincidence of generation and detection beams). 
A scanning is performed along the diameter of the flat bottom hole over 35 mm, while the 
observation time is 3 I1S. The half-width pulse duration is 25 ns and the incident energy is 
2 mJ. The result of the scanning is displayed by a B-scan view (Figure 9). The 
measurements of the times of flight associated to a ray path analysis allow to discriminate 
each wave from the others. Thus, it clearly appears that the longitudinal wave is the most 
efficient wave to visualize and to size the defect. Indeed, through the scanning, the temporal 
evolution of the LL wave is due to the reflection of the longitudinal wave on the back of the 
plate or on the bottom of the hole. The B-scan view also shows specific echoes 
(<< diffraction» echoes) due to the vertical discontinuities of the flat bottom hole. So, these 
echoes allows to define the diameter of the hole estimated to 20 mm ± 0.1 mm, while the 
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Figure 7. Simulation: Influence of the thickness of a paint layer Castrol 722 NDT covering 
a 2 mm thick aluminum plate. 
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Figure 9. 8-scan view of the detection of a flat bottom hole. 
depth is determined by a time of flight analysis of the longitudinal wave and is evaluated to 
680 mm ± 50 11m. 
CONCLUSIONS 
The laser ultrasonic generation is a complex process which takes into account the 
optical, thermal and mechanical phenomena. Thus, the two-dimensional model developed 
in this paper is particularly adapted to the inspection of two-layered materials within the 
field of laser ultrasound. It allows to calculate the in- and out-of-plane components of the 
displacement. The results of the comparison between the simulations and the experimental 
measurements have shown that this model is able to predict rather well all the waves 
propagating in aluminum and composite plates. Then, the two-layer model has been used, 
first, to characterize a paint and secondly, to optimize its thickness in order to improve the 
detection of parallel defects such as effects due to corrosion in some aluminum alloys. This 
optimization has been performed for the transmission configuration and the flaw detection, 
for a single-sided measurement. For NDT applications, this model represents an efficient 
tool intended to the prediction and interpretation of the experiments. 
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